Myosins-I are conserved proteins that bear an N-terminal motor head followed by a Tail Homology 1 (TH1) lipidbinding domain. Some myosins-I have an additional C-terminal extension (C ext ) that promotes Arp2/3 complexdependent actin polymerization. The head and the tail are separated by a neck that binds calmodulin or calmodulinrelated light chains. Myosins-I are known to participate in actin-dependent membrane remodelling. However, the molecular mechanisms controlling their recruitment and their biochemical activities in vivo are far from being understood. In this study, we provided evidence suggesting the existence of an inhibitory interaction between the TH1 domain of the yeast myosin-I Myo5 and its C ext . The TH1 domain prevented binding of the Myo5 C ext to the yeast WIP homologue Vrp1, Myo5 C ext -induced actin polymerization and recruitment of the Myo5 C ext to endocytic sites. Our data also indicated that calmodulin dissociation from Myo5 weakened the interaction between the neck and TH1 domains and the C ext . Concomitantly, calmodulin dissociation triggered Myo5 binding to Vrp1, extended the myosin-I lifespan at endocytic sites and activated Myo5-induced actin polymerization.
Introduction
Myosins-I are widely expressed actin-dependent molecular motors, which share a conserved structural organization. Besides the N-terminal actin-activated ATPase that translocates actin filaments, all myosins-I bear a Tail Homology 1 (TH1) domain that binds acidic phospholipids in vitro (Pollard et al, 1991) . The motor head and the TH1 domain are separated by an a helical neck that associates with calmodulin or calmodulin-related light chains (Pollard et al, 1991) . In addition, the so-called long-tailed myosins-I bear a C-terminal extension (C ext ), which can trigger Arp2/3 complex-dependent actin polymerization. The C ext includes a Tail Homology 2 (TH2) domain, which binds filamentous actin (Pollard et al, 1991) and a Src Homology 3 (SH3) domain, which associates with proline-rich motifs (Kuriyan and Cowburn, 1997) . The fungal myosins-I also bear an acidic peptide, which directly participates in the activation of the Arp2/3 complex (Evangelista et al, 2000; Lechler et al, 2000 Lechler et al, , 2001 ; Lee et al, 2000; Idrissi et al, 2002; Sun et al, 2006) ( Figure 1B ). The protozoal and the long-tailed mammalian myosins-I lack this acidic peptide but might indirectly activate the Arp2/3 complex through association with CARMIL (Jung et al, 2001) .
Myosins-I participate in a number of processes requiring actin-dependent remodelling or movement of cellular membranes. These include clathrin-dependent endocytic budding in yeast and mammals (Geli and Riezman, 1996; Sun et al, 2006; Krendel et al, 2007) , vacuole contraction, cell motility, phagocytosis and pinocytosis in protozoa (Jung and Hammer, 1990; Wessels et al, 1991; Doberstein et al, 1993; Titus et al, 1993; Novak et al, 1995; Novak and Titus, 1997) , and membrane traffic along the endocytic and secretory pathways in protozoa and higher eukaryotes (Fath et al, 1994; Durrbach et al, 1996 Durrbach et al, , 2000 Temesvari et al, 1996; Raposo et al, 1999; Huber et al, 2000; Neuhaus and Soldati, 2000; Cordonnier et al, 2001; Bose et al, 2002) . Thus, myosin-I function requires its precise targeting and/or activation at particular membrane subdomains. Despite intense research on these proteins, the mechanisms that spatially and temporally define their recruitment and/or regulate their biochemical activities in vivo are poorly understood.
The yeast long-tailed myosin-I Myo5, and its homologue Myo3, are well-characterized members of the myosin-I family. Myo5 and Myo3 participate in the formation of endocytic vesicles at the plasma membrane (PM) (Geli and Riezman, 1996) . Myo5 is recruited to endocytic sites labelled with clathrin, stays anchored at the PM for 10 to 15 s and disappears around the time the endocytic coat moves into the cytosol (Jonsdottir and Li, 2004; Sun et al, 2006) . During the transient association of the myosins-I with the endocytic sites, their mechanochemical activity and their actin polymerization promoting activity contribute to vesicle budding (Sun et al, 2006; Galletta et al, 2008; Idrissi et al, 2008) .
Myo5 recruitment at cortical patches is at least partially dependent on its SH3 domain. Mutation of this domain or deletion of the SH3 interacting partners Vrp1/WIP (WASPinteracting protein) or Las17/WASP (Wiskott-Aldrich syndrome protein) causes partial mislocalization of the myosin to the cytosol (Anderson et al, 1998; Sun et al, 2006) . Intriguingly, Vrp1 and Las17 arrive significantly earlier than the myosin at the endocytic sites, indicating that their association with Myo5 might be regulated (Jonsdottir and Li, 2004; Sun et al, 2006) . On the other hand, domains other than the SH3 are involved in the cortical recruitment of Myo5 as the SH3 domain alone does not localize to endocytic patches (Anderson et al, 1998) .
In this study, we provided evidence indicating the existence of an inhibitory interaction between the TH1 domain and the C ext , which prevented Myo5 binding to Vrp1. Interestingly, we found that dissociation of Cmd1 from the Myo5 neck weakened the interaction between a fragment containing the neck and TH1 domain and the C ext . Concomitantly, Cmd1 dissociation promoted binding of Myo5 to Vrp1. Consistent with previous observations indicating that Vrp1 participates in Myo5 recruitment to cortical endocytic sites (Anderson et al, 1998; Sun et al, 2006) and that Vrp1 is required to trigger Myo5-induced actin polymerization (Geli et its lifespan at cortical endocytic sites and triggered Myo5-induced actin polymerization in vivo and in vitro.
Results
The Myo5 TH1 domain interacts with the C ext and negatively regulates association with Vrp1 and recruitment to endocytic sites To analyse the function of different domains in the recruitment of Myo5 to cortical patches, we investigated the localization of GFP-tagged full-length or truncated Myo5 by fluorescence microscopy ( Figure 1) . As previously shown, full-length Myo5 (GFP-Myo5) concentrated at cortical patches that partially colocalized with endocytic markers ( Figure 1A ; Supplementary Figure S1A ) (Anderson et al, 1998; Jonsdottir and Li, 2004; Sun et al, 2006) . In addition, a diffuse PM and a weak cytosolic staining were observed. Consistent with the observation that the SH3 domain is required for Myo5 localization (Anderson et al, 1998) , truncation of the C ext (GFP-HnT) impaired cortical patch recruitment ( Figure 1A ). On the other hand, we found that the complete C ext (GFP-C) was recruited to endocytic sites ( Figure 1A ; Supplementary Figure S1A ), even though a strong cytosolic signal was also observed for this construct. The overexpression of GFP-C compared with GFP-Myo5 could account for the partial mislocalization of the C ext (Supplementary Figure S1B) . In addition, the absence of the TH1 lipid-binding domain, which targets other myosins-I to specific cellular membranes, could partially impair proper recruitment of Myo5 to the PM. However, we observed that addition of amino acids 774 to 996 of the TH1 domain to the C ext (GFP-TC) did not improve Myo5 localization but rather mistargeted the myosin to the cytosol and the nucleus ( Figure 1A ). Interestingly, cortical patch localization was recovered with addition of the neck and 15 amino acids of the N-terminus of the TH1 domain (GFP-nTC) ( Figure 1A ; Supplementary Figure S1A ). These results suggested that the Myo5 neck might be required to release an inhibitory interaction between the TH1 domain and the C ext . Consistent with this hypothesis, a GFP fusion protein lacking only the neck (GFP-HTC) lost the cortical patch localization, which was partially recovered by deletion of the TH1 (GFP-HC) ( Figure 1A ; Supplementary Figure S1A ). Conversely, a GFP fusion protein missing only the TH1 domain (GFP-HnC) was still recruited to endocytic sites ( Figure 1A ; Supplementary Figure S1A ), although the absence of the TH1 domain again increased the cytosolic signal.
Binding of the Myo5 C ext to Vrp1 participates in the myosin recruitment to endocytic patches (Anderson et al, 1998; Sun et al, 2006) . Therefore, we next investigated whether the presence of the TH1 domain interfered with Myo5 binding to Vrp1 in the absence of the neck. Extracts of yeast cells expressing different Protein A (PA)-tagged Myo5 constructs and haemagglutinin (HA)-tagged Vrp1 (Vrp1-HA) were subjected to IgG pull downs. The presence of Vrp1-HA in the precipitates was detected by immunoblotting. As shown in Figures 1A and 2A , a correlation between the cortical patch localization and Vrp1-HA binding was observed for the different constructs. Thus, a construct bearing the Myo5 C ext (PA-C) pulled down Vrp1-HA but addition of a TH1 domain (PA-TC) blocked the interaction. Further, the presence of the Myo5 neck and 15 amino acids of the N-terminus of the TH1 domain (PA-nTC) recovered Vrp1-HA binding to levels similar to the wild-type (wt) myosin. Also consistent with our model, deletion of the TH1 domain (PA-HnC) significantly increased binding of Myo5 to Vrp1-HA, whereas deletion of the neck (PA-HTC) completely abolished the interaction. Deletion of the neck did not seem to grossly affect the structure of the tail as the PA-HTC construct still bound to Rvs167 similar to the wt protein (Geli et al, 2000; Tong et al, 2002) (Figure 2B) .
Previous results suggested an intramolecular interaction between the TH1 domain and the C ext of the protozoal longtailed myosins-I (Jontes et al, 1998; Lee et al, 1999; Ishikawa et al, 2004; Hwang et al, 2007) . We failed to express significant amounts of the TH1 domain alone, but pull-down experiments using the C ext fused to GST (GST-C) and yeast extracts expressing PA-tagged Myo5 truncations bearing the H, Hn, HT and HnT fragments demonstrated a specific interaction between the C ext and the TH1 domain, which seemed to be stabilized by the presence of the neck ( Figure 2C ). The interaction between the nT fragment and the C ext was direct, as the nT fragment could be overlaid with GST-C purified from Escherichia coli ( Figure 2D ).
To analyse whether the nT fragment interfered with the C ext -dependent Myo5/Vrp1 interaction, PA-C was pulled down from yeast expressing Vrp1-HA and overexpressing LexA fused to the Myo5 neck and TH1 domains (LexA-nT) or LexA fused to Rvs167 as a control. As shown in Figure 2E , LexA-nT was pulled down with the C ext and significantly interfered with the Myo5/Vrp1 interaction when compared with LexA-Rvs167. The Vrp1-HA signal was reduced 6.57 ± 1.02-fold (n ¼ 3) in the pull downs from cells expressing LexA-nT with respect to those expressing LexA-Rvs167. The inhibitory domain was contained within the TH1 domain as a LexA-n construct still interacted with PA-C but failed to interfere with Vrp1-HA binding ( Figure 2E ).
Cmd1 dissociation from the Myo5 neck weakens the neck-TH1/C ext interaction and promotes Myo5 binding to Vrp1
Our results suggested that the neck and the TH1 domains interact with the Myo5 C ext , that the TH1 domain interferes with Myo5 binding to Vrp1 and that the adjacent Myo5 neck modulates the release of the neck-TH1/C ext interaction. To investigate whether calmodulin association/dissociation from the Myo5 neck might influence Myo5 binding to Vrp1, PA-Myo5 was precipitated with IgG-Sepharose from an extract of yeast expressing Vrp1-HA in the absence or presence of 5 mM CaCl 2. The Myo5 neck contains two IQ motifs, which bind calmodulin in the absence of Ca 2 þ . Addition of 5 mM CaCl 2 triggers dissociation of calmodulin . As shown in Figure 3A , addition of calcium significantly reduced Cmd1 association to Myo5 and concomitantly increased the Myo5/Vrp1 interaction. Vrp1 specifically bound PA-Myo5 as deletion of the C ext (PA-HnT) completely eliminated the Vrp1-HA signal ( Figure 3A ). To demonstrate that Cmd1 dissociation and not the CaCl 2 treatment per se increased Vrp1 binding, we used myosin and calmodulin mutations that specifically disrupt the Cmd1/Myo5 interaction in the absence of calcium: myo5-iqD and cmd1-226 . The IQ motifs required for Cmd1 binding (IQRAWRRFLQR and IQRTIRERKEG) are deleted in the Myo5-iqD mutant. The mutant loses its capacity to interact with Cmd1 but, in contrast to the HTC construct, it retains a portion of the neck. The Cmd1-226 mutant bears an F92A substitution, which specifically disrupts the Cmd1/Myo5 interaction (Ohya and Botstein, 1994; . Consistent with our hypothesis, the cmd1-226 mutation significantly decreased association of PA-Myo5 with Cmd1 and concomitantly increased binding to Vrp1, as compared with the wt CMD1 or with the cmd1-231 mutation, which does not affect the Myo5/Cmd1 interaction ( Figure 3B ) . The Myo5-iqD mutant did not bind Cmd1 and it coprecipitated significant amounts of Vrp1 in the absence or presence of calcium ( Figure 3A) . However, Myo5-iqD bound slightly less Vrp1-HA than the intact calmodulin-stripped Myo5. The Vrp1-HA signal appeared 3±0.7-fold increased in the Myo5-iqD pull downs compared with the Cmd1-bound Myo5 (n ¼ 3), whereas calmodulin stripping from the wt Myo5 resulted in a 9 ± 3.4-fold increase of the Vrp1-HA signal (n ¼ 3). The result suggested that an intact neck might be required to completely release the nT/C interaction. Deletion of individual IQ motifs did not seem to have a major influence in Myo5 binding to Vrp1, suggesting that full activation required dissociation of Cmd1 from both IQ motifs (Supplementary Figure S2A) .
To investigate whether association of Cmd1 to the myosin neck could influence the affinity of the nT fragment and the C ext , purified PA-nT was incubated with GST fused to the C ext (GST-C), in the presence or absence of 5 mM CaCl 2 ( Figure 3C ). In the presence of 5 mM CaCl 2 Cmd1 dissociated from the nT fragment ( Figure 3C ) . Concomitantly, the presence of CaCl 2 triggered dissociation of PA-nT from the C ext ( Figure 3C ). Dissociation of Cmd1 also disrupted the interaction between the PA-Hn and PA-HnT fragments and the C ext but did not have an influence on the PA-HT/C or the PA-HnT-iqD/C interactions (Supplementary Figure S3A) .
To demonstrate that association of Cmd1 to the myosin neck could reversibly influence the affinity between the Myo5 fragments, Cmd1-free PA-nT was incubated with GST-Ccoated beads, in the presence or absence of recombinant purified Cmd1. As shown in Figure 3D , Cmd1 binding favoured the interaction of PA-nT with the C ext . Overlay assay of an Myo5 nT fragment, partially renatured after SDS-PAGE and western blot, incubated with 20 mM GST or GST fused to the Myo5 C ext (GST-C) or 60 mM Cmd1. GST and Cmd1 were detected using anti-GST and anti-Cmd1 antibodies and the adequate peroxidase-conjugated secondary antibodies. Control lanes (Cont) were loaded with residual proteins that might elute from the IgG-Sepharose under the conditions used for the nT purification, derived from a strain not expressing the PA-nT fragment.
Cmd1 dissociation from Myo5 extends the myosin lifespan at cortical patches
As Vrp1 participates in the recruitment of Myo5 to cortical endocytic patches in vivo, we next investigated whether Cmd1 also controlled Myo5 association to endocytic sites using live-cell imaging. Under the experimental conditions used, no significant endocytic defects are observed in the myo5-iqD and cmd1-226 mutants and consistently, no significant difference in the dynamics of the clathrin-coat component Sla1-mCherry at cortical patches could be observed for the different mutants, as compared with the isogenic wts (Table I , SCMIG1079 pGFP-MYO5 versus SCMIG1079 pGFP-myo5-iqD and SCMIG1077 pGFP-MYO5 versus SCMIG1078 pGFP-MYO5, mCherry channel). In contrast, the lifespan of GFP-Myo5 significantly increased in mutants that disrupted the Myo5/Cmd1 interaction (GFP-myo5-iqD and cmd1-226, Table I , GFP channel and Figure 4A and B).
The average lifespan of GFP-Myo5 in different strain backgrounds expressing the wt Cmd1 was 12 to 13.1 s, whereas it was extended up to 19.5 s in strains where the Myo5/Cmd1 interaction was disrupted (Table I , GFP channel and Figure  4A and B). A fraction of the GFP-Myo5 cortical patches still exhibited wt dynamics under conditions that disrupted the Myo5/Cmd1 interaction. However, about 50% of the patches had lifespans longer than 16 s in the cmd1-226 mutant (versus only o8% in the isogenic wts) ( Figure 4C and D). Consistent with the observation that an intact neck was required to fully promote binding of Myo5 to Vrp1, the Myo5-iqD mutant was slightly less efficient than the cmd1-226 mutant in extending the Myo5 lifespan at cortical sites ( Table I, the individual IQ motifs or the cmd1-231 mutation did not have any significant effect on the Myo5 dynamics (Table I) . Next, we investigated whether Cmd1 dissociation promoted early arrival of Myo5 to the endocytic sites and/or slowed down its dissociation from the PM. For this purpose, we examined the dynamics of long-lived (lifespan longer than 16 s) GFP-Myo5 patches relative to Sla1, in the cmd1-226 mutant. The lifespan of the Sla1-mCherry was unaltered in the subpopulation of long-lived GFP-Myo5 patches (Table II, lifespan Sla1-mCherry, SCMIG1077 pGFP-MYO5 versus SCMIG1078 pGFP-MYO5). However, the myosin arrived on average 5.5 s earlier in the cmd1-226 mutant, as compared with the CMD1 strain (Table II , t a GFP-Myo5 and Figure 5 ). This result indicated that Cmd1 dissociation increased the probability of Myo5 meeting available binding partners at cortical patches. Interestingly also, GFP-Myo5 remained at the PM for a longer time (5.7 s on average) after departure of the endocytic coat in the cmd1-226 mutant (Table II , t d GFPMyo5 and Figure 5 ). This observation suggested that Cmd1 reassociation to Myo5 might contribute to bring back the cortical myosin to the cytosol after vesicle fission occurs.
Cmd1 dissociation from Myo5 triggers actin polymerization in vitro and the assembly of actin at endocytic sites in vivo
Vrp1 is required to drive Myo5-induced actin polymerization (Geli et al, 2000; Lechler et al, 2001; Sun et al, 2006) . Thus, we next investigated whether Cmd1 might also modulate the capacity of the Myo5 C ext to trigger the assembly of endocytic actin structures. We have previously demonstrated that the Myo5 C ext fused to GST and immobilized on the surface of glutathione-Sepharose beads induces the formation of complex actin structures in the presence of yeast extracts (Geli et al, 2000; Idrissi et al, 2002) . The actin structures can be labelled with proteins involved in the endocytic uptake and its assembly requires the presence of Vrp1 and the Arp2/3 complex (Geli et al, 2000; Idrissi et al, 2002) . PA-tagged Myo5 fragments containing either the C ext alone (PA-C) or together with either the TH1 domain (PA-TC) or the neck and the TH1 domains (PA-nTC) were purified from yeast and immobilized on the surface of IgG-Sepharose beads. Similar to GST-C, PA-C induced assembly of actin structures, which could be visualized under the fluorescence microscope using rhodaminelabelled actin ( Figure 6A ). The structures could be labelled with the endocytic protein Abp1 ( Figure 6A ), and their formation was dependent on the presence of functional Vrp1 and Arp2/3 complex ( Figure 6B ). Consistent with the observation that the TH1 domain prevented binding of the C ext to Vrp1 (Figure 2A ), the presence of the TH1 domain (PA-TC) completely abolished the capacity of the Myo5 C ext to induce the formation of actin patches ( Figure 6C ). Consistent with the hypothesis that Cmd1 dissociation might regulate this autoinhibitory interaction, we found that the construct bearing the neck (PA-nTC) could induce formation of the in vitro generated actin structures, only when it was purified under conditions that dissociated Cmd1 from the neck (5 mM CaCl 2 ; Figure 6C ). The neck was required to promote calcium-induced actin polymerization in the presence of the TH1 domain as the CaCl 2 treatment did not alter the actin polymerization promoting capacity of PA-TC ( Figure 6C ). Finally, actin polymerization induced by Cmd1 dissociation was triggered by the C ext as PA-nT failed to trigger the formation of actin patches under any of the experimental conditions assayed ( Figure 6C ).
Live-cell imaging of Abp1-RFP in strains bearing myosin-I mutations revealed that these molecular motors, together with Las17, have an essential function in promoting the assembly of complex actin structures at endocytic sites (Sun et al, 2006; Galletta et al, 2008) . To investigate whether Cmd1 dissociation from Myo5 might regulate the assembly of the Abp1-containing actin structures in vivo, the dynamics of Abp1-RFP was analysed under conditions that disrupted the Myo5/Cmd1 interaction. In contrast to Sla1-mCherry, the Abp1-RFP lifespan at the endocytic patches was significantly The average (avg) and standard deviation (s.d.) are indicated in seconds. 'n' represents the number of cortical patches analysed for the indicated strains under the adequate conditions to visualize RFP and mCherry or GFP. 'P' represents P-value of the Student's t-test, compared with the isogenic wt. P-values under 0.001 indicate statistically significant differences. ND denotes not determined. expanded in cells expressing the Myo5-iqD or the Cmd1-226 mutants, as compared with the isogenic wts (Table I , SCMIG880 pGFP-MYO5 versus SCMIG880 pGFP-myo5-iqD and SCMIG1063 pGFP-MYO5 versus SCMIG1064 pGFP-MYO5, RFP channel). When considering the subpopulation of GFP-Myo5 patches with lifespans longer than 16 s in the cmd1-226 mutant, no significant differences were observed in the arrival time of GFP-Myo5 relative to Abp1-RFP, as compared with the isogenic wt (Table III , t a GFP-Myo5 and Figure 7 ). Abp1-RFP recruitment closely followed Myo5 recruitment in both strains (Table III , t a GFP-Myo5 and Figure 7 ). As Myo5 arrived earlier at the endocytic sites in the cmd1-226 mutant (Table II , t a GFP-Myo5 and Figure 5 ), the results indicated that Cmd1 dissociation from Myo5 favoured early arrival of Myo5 followed by early onset of actin polymerization. On the other hand, consistent with the observation that Abp1 travels into the cytosol together with the clathrin coat, Myo5 dissociation from the PM was delayed on average 5 s after departure of Abp1-RFP in the cmd1-226 strain (Table III , t d GFP-Myo5 and Figure 7 ; and Table II , t d GFP-Myo5 and Figure 5 ).
Differential binding of cytosolic and PM-associated Myo5 to Cmd1 and Vrp1
Our data indicated that disruption of the Myo5/Cmd1 interaction promotes Myo5 binding to Vrp1, expands the myosin lifespan at cortical patches and activates myosin-I-induced actin polymerization in vitro and in vivo. Thus, the results strongly suggested that a mechanism involving Cmd1 dissociation from Myo5 regulates its recruitment and activity 
Figure 5 GFP-Myo5 arrives earlier to and departs later from the endocytic sites in the cmd1-226 mutant. (A) Fluorescence micrographs of consecutive frames from three representative double-colour time-lapse movies of cortical patches in cmd1D myo5D strains with mCherrytagged SLA1, expressing GFP-Myo5 from a centromeric plasmid under the MYO5 promoter and either the wt CMD1 (SCMIG1077) or the cmd1-226 mutant (SCMIG1078). Frames were recorded every 2 s. GFP-Myo5 patches with lifespans longer than 16 s were analysed for the cmd1-226 strain. (B) Graphs demonstrating the relative fluorescence intensity (RFI) plotted against time for the Sla1-mCherry (red) and GFP-Myo5 (green) double-colour time-lapse movies shown in (A). t a and t d indicate the arrival and departure times of GFP-Myo5 relative to Sla1-mCherry, respectively.
at endocytic sites. If this hypothesis was correct, the PM-associated and cytosolic Myo5 should reciprocally bind Cmd1 and Vrp1.
To test our hypothesis, we prepared cytosolic (C) and PM fractions from yeast cells expressing PA-Myo5 and analysed the amount of Cmd1 coprecipitating with the myosin-I in IgG-Sepharose pull downs. The GPI-anchored protein Gas1 and hexokinase (Hxk1) were used as PM and cytosolic markers, respectively ( Figure 8A and C) . As shown in Figure 8B , the PM-associated Myo5 (PM) clearly coprecipitated much less Cmd1 than the cytosolic Myo5 (C). The associated Cmd1 specifically bound to the Myo5 neck as the signal disappeared when PA-Myo5-iqD was used instead of the wt ( Figure 8B ). The lack of association of Myo5 with Cmd1 at the PM was not merely due to the low concentration of Cmd1 in this fraction ( Figure 8A ), as a 1 to 10 dilution of the cytosol did not alter binding of the cytosolic Myo5 to Cmd1 (C dil ; Figure 8B ).
We next precipitated PA-Myo5 with IgG-Sepharose from cytosolic and PM fractions of yeast cells expressing Vrp1-HA ( Figure 8C ). As shown in Figure 8D , the PM-associated Myo5 (PM) coprecipitated much more Vrp1-HA than the cytosolic myosin (C). Vrp1 specifically bound to the PM-associated Myo5 as deletion of the C ext (PA-HnT) completely eliminated Vrp1 from the precipitates ( Figure 8D ). The experiments indicated that, compared with the cytosolic Myo5, the PMassociated Myo5 is poorly bound to Cmd1 but strongly interacts with Vrp1. Consistent also with previous immunolocalization results (Brockerhoff and Davis, 1992) , which failed to demonstrate the presence of Cmd1 at actin patches, we did not observe colocalization of Cmd1-mCherry and GFP-Myo5 at endocytic sites in live cells (Supplementary Figure S4) . In contrast, Myo5 and Vrp1 overlap for 10 to 15 s at endocytic patches in analogous experiments (Sun et al, 2006) .
Discussion
On the basis of our observations and the available literature, we propose the model depicted in Figure 9 . According to this model, the cytosolic myosin bound to Cmd1 maintains a closed conformation where the TH1 domain interacts with the C ext preventing association with Vrp1 and Myo5-induced actin polymerization. At the PM, a still unidentified mechanism releases the tight calmodulin/myosin-I interaction. As a consequence, the intramolecular inhibitory interaction is disrupted, allowing Myo5 binding to Vrp1 and local activation of Myo5-induced actin polymerization. Finally, Cmd1 reassociation to Myo5 contributes to dissociate it from the PM after vesicle fission. Robust evidence for a direct intramolecular interaction between the myosin TH1 domain and the C ext was already present in the literature for the long-tailed protozoal myosins-I. Similar to what we found for Myo5, pull-down experiments with purified components demonstrated such interaction for the Acanthamoeba castellanii myosin-IA (Lee et al, 1999) . In addition, structural data on the A. castellanii myosin-IB and C showed a surprising globular structure of the tail, where the SH3 domain folds back on the TH1 domain (Jontes et al, 1998; Ishikawa et al, 2004) . More recently, Hwang et al (2007) have provided NMR data supporting such an intramolecular interaction. We have now revealed the physiological significance of this interaction and described a molecular mechanism that might contribute to its modulation.
We showed that the TH1 domain prevented interaction of the Myo5 C ext with Vrp1 in immunoprecipitation experiments. Consistent with the cellular function described for the Myo5/Vrp1 interaction (Anderson et al, 1998; Geli et al, 2000; Lechler et al, 2001; Sun et al, 2006) , we also found that the TH1 domain impairs recruitment of the Myo5 C ext to cortical patches in vivo and abrogated its activity as an actin polymerization promoting factor in vitro. The TH1 domain most likely exerted its inhibitory activity intramolecularly, as we failed to demonstrate oligomerization of the myosin under the same experimental conditions that showed the Myo5/Vrp1 and Myo5/Cmd1 interactions (Supplementary Figure S5 ). An autoinhibitory activity contained within the TH1 domain was not described before. On the contrary, the TH1 domain has been shown to bind acidic phospholipids (Adams and Pollard, 1989; Hayden et al, 1990; Doberstein and Pollard, 1992) and to contribute to membrane targeting of different myosins-I (Miyata et al, 1989; Lee et al, 2000; Yamashita et al, 2000; Oberholzer et al, 2004) . The TH1 domain of Myo5 also binds to acidic phospholipids (data not shown) and its deletion causes partial mislocalization of the myosin to the cytosol (Figure 1 ; GFP-HnC). Thus, in addition to the autoinhibitory activity, the TH1 domain probably exerts a positive function by recruiting Myo5 to the inner leaflet of the PM.
On the other hand, our work also revealed that Cmd1 dissociation promoted Myo5 binding to Vrp1. Again in agreement with previously published data on the function of the Myo5/Vrp1 interaction (Anderson et al, 1998; Geli et al, 2000; Lechler et al, 2001; Jonsdottir and Li, 2004; Sun et al, 2006) , we found that dissociation of Cmd1 from Myo5 significantly extended the myosin lifespan at cortical patches, enhanced actin polymerization at endocytic sites and triggered Myo5-induced actin polymerization in vitro. Concomitantly, Cmd1 dissociation weakened the interaction between a fragment containing the neck and TH1 domains and the C ext . Considering all the data, it is reasonable to propose that Cmd1 dissociation promotes Myo5 binding to Vrp1 by releasing the autoinhibitory interaction between the TH1 domain and the C ext .
We made the novel observation that the Cmd1-bound but not the Cmd1-stripped Myo5 neck strongly interacts with the C ext and most likely contributes to stabilize the inhibitory interaction between the adjacent TH1 domain and the C ext ( Figure 2C ; Supplementary Figure S3A ). On the basis of the Myo5 IQ motifs sequences, it appears likely that Cmd1 is bound in an extended conformation (Terrak et al, 2005) , with one lobe free to interact with the C ext . Thus, it is tempting to propose a simple model where Cmd1 works as a clamp that holds the TH1 domain folded onto the C ext . However, our results indicated that the activation mechanism might have a second level of complexity. On the one hand, we failed to detect a direct interaction between free Cmd1 and the C ext (Supplementary Figure S3B and C) . This raises the interesting possibility that Cmd1 might need to interact first to the Myo5 neck in order to cross-link the nT and C fragments. On the other hand, our results suggested that the presence of an intact neck is important to release the autoinhibitory interaction when the TH1 is covalently linked to the C ext . This was inferred from the observation that deletion of the neck in the presence of the TH1 domain completely abolished C ext -dependent recruitment of Myo5 to cortical patches, Myo5 interaction with Vrp1 and Myo5-induced actin polymerization. Deletion of the neck might cause missfolding of the tail, thereby preventing Vrp1 association. However, this is probably not the case because the HTC construct binds to Rvs167 similar to the wt Myo5 ( Figure 2B ) and partial Trypsin digestion experiments indicated an analogous conformation for the Cmd1-bound wt Myo5 and for the HTC mutant (Supplementary Figure S6 , see below). Further evidence supporting the active function of the neck in releasing the autoinhibition derives from the Myo5-iqD mutant. We found that this Myo5 mutant, which lacks a portion of the neck, was less efficient than the cmd1-226 mutant in extending the Myo5 lifespan at cortical sites and in promoting Myo5 binding to Vrp1. Interestingly, a major conformational change induced in the TH1 domain of the short-tailed Brush Border myosin-I can be observed upon calmodulin dissociation from the myosin neck (Whittaker and Milligan, 1997) . We hypothesize that dissociation of Cmd1 could transmit a conformational change from the neck to the TH1 domain, which could influence its affinity for the C ext . Consistent with this view, we have found that Cmd1 dissociation was accompanied by the exposure of a Trypsin digestion site within the TH1 domain and that exposure of this additional site required the presence of an intact neck (Supplementary Figure S6) . Thus, treatment of the wt Myo5 with 5 mM CaCl 2 exposed a Trypsin digestion site that generated an N-terminal 116 kDa fragment (Supplementary Figure S6 , Myo5 Cmd1, CaCl 2 ). This fragment was also present after digestion of the wt Myo5 purified from the cmd1-226 mutant, independently of the presence of CaCl 2 (Supplementary Figure S6) . The Trypsin digestion site seemed to be less exposed in the Myo5-iqD mutant and it could not be detected in the HTC construct, which lacks the complete neck (Supplementary Figure S6) . Alternatively or in addition to a putative conformational change transmitted from the neck to the TH1 domain, the Cmd1-stripped neck could bind other molecules that sterically hinder the TH1/C ext interaction (SwanljungCollins and Collins, 1992; Cyr et al, 2002; Tang et al, 2002; Hirono et al, 2004; Phillips et al, 2006) or it might recruit enzymes that modify the Myo5 tail.
Intramolecular interactions regulating protein localization and function of a number of factors that promote actin polymerization have been described before. An interaction between the N-and C-terminus of the mammalian formin formin-related gene in leukocytes a (FRLa) modulates its PM localization and actin assembly activity (Seth et al, 2006) . Similarly, induction of Arp2/3 complex-dependent actin polymerization by the C-terminal portion of neuronal WASP is autoinhibited by the N-terminal fragment (Rohatgi et al, 2000) . Local activation of actin polymerization promoting factors can be achieved by direct interaction with signal transducers such as Cdc42 and PIns(4,5)P 2 , which release the autoinhibitory interactions (Rohatgi et al, 2000; Seth et al, 2006) . Downregulating futile cycles of actin polymerization might be essential to prevent energy waste and the assembly of actin structures that could interfere with a number of cellular functions.
A key question that follows from our work is the nature of the signal triggering Cmd1 release and activation of Myo5 at endocytic sites. Even though increasing evidence points to a function of calcium and calmodulin regulating endocytic uptake in mammals (Wu et al, 2009 ), we do not favour the idea that calcium triggers Cmd1 dissociation from Myo5 at endocytic sites because a Cmd1 mutant that does not bind calcium (cmd1-3) (Geiser et al, 1991) does not exhibit an uptake defect in yeast (Kubler et al, 1994) . Nevertheless, further experiments would be required to rule out this possibility. On the contrary, a number of results indicate that local production of PIns(4,5)P 2 at endocytic sites could contribute to trigger Cmd1 dissociation from Myo5. First, it was recently shown that myosin-I mutants exhibit synthetic lethal interactions with mutations in the Mss4 PIns4P-5 kinase responsible for the production of PIns(4,5)P 2 at endocytic sites (Audhya et al, 2004) . Further, the lifespan of Myo5 is significantly expanded in a yeast synaptojanin mutant defective in PIns(4,5)P 2 consumption (Sun et al, 2007) . Finally, Hayden et al (1990) demonstrated that association of the Brush Border myosin-I with liposomes containing PIns(4,5)P 2 displaces calmodulin from the myosin neck. In addition, other molecular mechanisms including protein kinase C-dependent phosphorylation of the myosin-I neck and/or actin and nucleotide binding to the motor head (LietoTrivedi and Coluccio, 2008 ) might contribute to lower the tight myosin-I/calmodulin interaction. Further studies will now be required to investigate these possibilities.
Materials and methods

Strains and genetic techniques
Yeast strains used are listed in Table IV . Details on strain construction are available upon request. Strains without plasmids were grown in complete yeast peptone dextrose and strains with plasmids were selected on synthetic dextrose complete (SDC) lacking the appropriate nutrient (Dulic et al, 1991) at 251C. Scoring of genetic markers was performed as described (Sherman et al, 1974) . Transformation of yeast was accomplished by the lithium acetate method (Ito et al, 1983) . All tagged versions of yeast genes used in this study complemented the growth defects of the corresponding knock-out strains.
DNA techniques and plasmid construction
Plasmids used are listed in Table V . Details on plasmid construction are available upon request. DNA manipulations were performed as described (Sambrook et al, 1989) . Enzymes for molecular biology were obtained from New England Biolabs. Plasmids were purified with the Nucleospin plasmid purification kit (Macherey-Nagel). DNA was purified from agarose gels using the gel extraction kit from Qiagen. Transformation of E. coli was performed by electroporation (Dower et al, 1988) . PCRs were performed with a Vent polymerase (New England Biolabs) and a TRIO-thermoblock (Biometra GmbH). Oligonucleotides were synthesized by Interactiva.
SDS-PAGE, immunoblots and antibodies
SDS-PAGE was performed as described (Laemmli, 1970 ) using a minigel system (Bio-Rad Laboratories). High and low range SDS-PAGE molecular weight standards (Bio-Rad Laboratories) were used. Coomassie brilliant blue (Harlow and Lane, 1988) was used for detection of total protein. Protein concentration was determined with the Bio-Rad Protein Assay (Bio-Rad Laboratories). Immunoblots were performed as described except that transfer of Gas1 was done overnight in the absence of methanol. Antibodies used are listed in Table VI . Nitrocellulose membranes were stained with Ponceau Red for detection of total protein (Harlow and Lane, 1988 ). An enhanced chemoluminescence (ECL) detection kit (Amersham Biosciences) was used for detection of peroxidase-conjugated antibodies.
Protein purification from yeast and E. coli Purification of recombinant GST fusion proteins from BL21 E. coli (Novagen) was performed as described (Geli et al, 2000) . Cmd1 was released from the GST-Cmd1-coated glutathione-Sepharose beads by digestion with thrombin-agarose (Thrombin clean cleavage kit, Sigma). Glutathione-Sepharose beads were from Amersham Biosciences. PA-nT was purified from SCMIG275 pPA-nT using IgGSepharose (Amersham-Bioscience). After glass bead-lysis in 100 ml of IP buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA) in the presence of protease inhibitors (PIs) (0.5 mM PMSF, 1 mg/ml aprotinin, 1 mg/ml pepstatin, 1 mg/ml leupeptin, 1 mg/ml antipain), NaCl and Triton X-100 were adjusted to 0.5 M and 1% final concentrations, respectively. Unbroken cells were eliminated by centrifugation at 2500 g for 5 min. After centrifugation at 10 000 g for 10 min at 41C, the supernatant was incubated with IgG-Sepharose for 2 h at 41C. Beads were collected and stepwise eluted with 20 ml of 0.5 M acetic acid pH 3.4 (adjusted with ammonium acetate), 0.5 M NaCl, 0.1% Tween-20. The eluate was mixed with 10 ml of 1 M Tris pH 9 for pH neutralization. For the purification of the Cmd1-free PA-nT, 5 mM CaCl 2 was added to the extract before addition of the Sepharose.
Overlay, pull downs and immunoprecipitations
For the glutathione-Sepharose pull downs, 1 mg of bead-bound GST-C or GST were incubated with 30 ng of PA-nT bound to Cmd1 or Cmd1-free PA-nT in 1 ml TBS-TB (10 mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20, 1.5% BSA) for 3 h at 41C. Where indicated, 5 mM CaCl 2 was added to promote Cmd1 dissociation and 1 mg of Cmd1 was added in the presence of 1 mM EGTA to promote reassociation. Beads were collected, washed with TBS-TB and TBS-T (10 mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20) and eluted in SDS-sample buffer. For the IgG pull downs from yeast extracts, cells were glass bead-lysed in LB (25 mM Tris, pH 8.5, 5 mM EDTA) in the presence of PIs. Unbroken cells were eliminated at 700 g for 10 min at 41C. The supernatant was diluted with the same volume of BB (10 mM Tris pH 7.5, 0.2 mM EDTA, 0.2 mM DTT) containing PIs. After centrifugation at 700 g for 10 min at 41C, the extract was adjusted to 10 mg of protein/ml and Triton X-100 and NaCl were added to 1% and 150 mM final concentrations, respectively. A measure of 1 ml of extract was incubated with 30 ml of 50% IgG-Sepharose for 2 h at 41C. Beads were washed with LB:BB (1:1), 1% Triton X-100, 150 mM NaCl, and subsequently with LB:BB (1:1) and boiled in 25 ml SDS-sample buffer. Four 1:2 dilutions were loaded for each construct and immunoblotted for PA and Vrp1-HA. The corresponding signals were compared within the linear range. Quantifications were performed with imageJ from at least three independent experiments. The Vrp1-HA signal was normalized to the PAP signal for each sample.
For IgG-Sepharose pull downs from PM and cytosolic fractions, 0.5 ml of the different fractions were diluted with 0.5 ml of LB:BB (1:1) in the presence of PIs. Triton X-100 and NaCl were added to 1% and 150 mM final concentration, respectively. Samples were incubated with 40 ml of 50% IgG-Sepharose for 2 h at 41C. Beads were washed with LB:BB (1:1), 1% Triton X-100, 150 mM NaCl and eluted with 25 ml SDS-sample buffer.
For the overlay assay, 0.15 mg of the nT fragment was separated by SDS-PAGE and transferred to a nitrocellulose filter in 30 mM Tris, 240 mM Glycine. Proteins were then partially renaturated in 10 mM Tris pH 8, 150 mM NaCl, 0.05% Tween-20 and the membrane was blocked over night at 41C in blocking buffer (10 mM Tris pH 8, 150 mM NaCl, 0.05% Tween-20, 3% BSA). The membrane was then overlaid with 20 mM purified GST, GST-C or 60 mM Cmd1 for 3 h at 41C, then with the goat anti-GST antibody or the rabbit anti-Cmd1 for 1.5 h at 41C and finally with a peroxidase-conjugated antibody against goat IgG for 1 h in blocking buffer. After washing with blocking buffer and subsequently with 10 mM Tris pH 8, 150 mM NaCl, 0.05% Tween-20, peroxidase was detected with an ECL detection kit. For excision of the nT fragment from the PA-nT-coated beads, the PA-nT-coated IgG-Sepharose beads were incubated in 30 ml of 50 mM Tris pH 8, 0.5 mM EDTA and 10 Units (1 ml) of AcTEV (Invitrogen) over night at 41C. The supernatant was discarded and the protein, which was still bound to the Sepharose beads, was eluted by incubating in 30 ml of 50 mM Tris pH 8, 1 M NaCl, 0.5 mM EDTA for 30 min with shaking at 41C. MATa his3 leu2 ura3 met15 myo5D::KMX CMD1-mCherry::HIS3MX This study 30 ml of SDS-sample buffer and extracted proteins were separated by SDS-PAGE and transferred to a nitrocellulose filter. GST-C and GST were detected by staining with Ponceau red and the PA-Myo5 constructs were detected using PAP. In all, 1/125 of the total protein extracts were loaded as input.
Purification of yeast PM and cytosol
The isolation of PM and cytosolic fractions were performed based on (Serrano, 1988) . For further detail see supplementary data.
In vitro actin polymerization assay
The rhodamine-actin polymerization assay on Sepharose beads was performed as described (Idrissi et al, 2002) except that IgGSepharose beads coated with PA-tagged Myo5 constructs purified from yeast were used instead of the GST construct purified from E. coli.
Fluorescence microscopy
Fluorescence micrographs in Figure 1 were obtained with an Axiophot fluorescence microscope (Zeiss) equipped with a GFP filter (excitation 470/40, LP520) and an Olympus DP70 camera. Cells were grown to mid-log phase, harvested, diluted in a small volume of SDC medium and visualized on poly-lysine-coated slides. Rhodamine-actin in the in vitro polymerization assay was observed using a rhodamine filter (excitation BP545/30, emission LP590). For the time-lapse fluorescence microscopy, yeast expressing GFP-Myo5 were grown to mid-log phase in SDC medium. Time-lapse videos were collected from cells immobilized in 0.8% low-melt agarose prepared in complete synthetic medium. A Perkin Elmer UltraView ERS Spinning-Disk microscope, equipped with Argon (488, 514 nm), Argon/Krypton (568 nm) and HeNe (405, 440, 640 nm) Lasers, a 405/488/568/640 Dichroic and a Hamamatsu C9100-50 EMCCD camera was used to collect images. A Â 63 1.4NA Oil DIC PlanApochromat objective was used for all movies. Time-lapse microscopy images were taken every 2 s and were acquired/ processed using Volocity from Improvision (Perkin Elmer). Volocity files were converted to multi-tiff for image processing and to csv for relative intensity fluorescence analysis using Microsoft Excel. Average, standard deviation and P-values for the Student's t-test were calculated with Microsoft Excel. All images were collected with identical sensitivity and exposure times of 600 ms, 500 ms and 1 s for GFP-Myo5, Abp1-RFP and Sla1-mCherry, respectively. Only bright, well-defined patches were considered for further analysis. For analysis of arrival and departure times of GFP-Myo5 relative to Sla1-mCherry or Abp1-RFP, relative fluorescence intensity (RFI) curves plotted against time (s) were calculated for each pair and the time point when Sla1-mCherry or Abp1-RFP reached RFI ¼ 0.5 was subtracted from the time point when GFP-Myo5 reached RFI ¼ 0.5 either before (arrival) or after (departure) the time point when Sla1-mCherry or Abp1-RFP reached RFI ¼ 1 (see Figures 5 and 7) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
